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INTRODUCTION 

Petroleum crude is becoming heavier and the amount of vacuum tower resids produced in 
&nmg has been stead@ increasing. Many have suggested that the combination of coal liquefkhon 
and heavy resid upgradmg has economic and processing advantages over the direct liquefaction of 
cod'-" Because petroleum resids are still hydrogen rich materials (H/C = 1.5) when compared to 
coal (H/C 5 0.Q the amount of hydrogen quired in a combined process should, in principle, be less 
than that required to prod= the quality products fiom a stand-alone coal liquefaction $cility. 
It is generally believed that the petroleum resid m coprocesshrg serves as hydrogen transfer agents 
for coal conversion; in essence the resid replaces the donor solvent in direct coliquefactioa On the 
other had, copn~cessing can also improve the quality of the petroleum resid used by the removal of 
the vanadium and nickel complexes since the undissolved coal could act as a trap for the metal 
removed b m  the resid'3 Thus, coprocesing is beneficii in reducing the deposition of coke and trace 
metals on a hydroliquehctbn caalyst?3.1cr5 The liquids produced by combined processing may also 
be more amenable to downstream processing and M e r  refining via exist i i  technology and 
equipment, than liquids h m  a purely coal fed plant would be. It seemed a p p r i a t e  to investigate 
the reaction pathways and explore the conditions for the maximum conversion of both coal and resid 
to a liquid he1 precursor. 

Vanadium and nickel, the principal metals in petroleum resid, are present in StNCtuTes such 
as porphyrins and the more condensed asphaltenes in concentrations ranging up to 1300 ppm by 
weight." During catalytic hydroprocessing for sulfur and nitrogen remod, these metal-- 
molecules undergo hydrodemetallation (HDM) reactions leading to metal deposition and Catatyst 
poisoniug. The removal of vanadium and nickel has been investigated widely for this purpose. 
However, most researchers ody selected model compounds of vanadium and nickel porphyins as 
subjects for study because of the complication of real petroleum resid systems.2"~ 1621 

' The objectives of the present study are: (1) to identi@ conditions for maximum removal of 
metals, mady Ni and V, present in petroleum resid using coal with the resultant product becoming 
a feed to catalytic desulfUrization and craclung tha! does not severely shorten catalyst life, (2) to 
0- conditiOtLs for the conversion of both coal and resid to a liquid fuel precursor. The catalytic 
coprocessing of Illinois #6 coal with Hod0 resid (850 "F" or whole resid) was canied out using 
(NH,),MoS, as Catatyst at diifmnt temperatures and at IO00 psig of H, (cold). The innuence of 
reaction time, and the ratio of resid to cod on the reactivity and product distribution fiom 
co~ro~esshg were investigated. The effect on the coprocessing of hydrogenating Hondo resid in a 
pretreatment step was also studied. The effects of cat&& on coprocessing were. studii using 
N ) , M o S , ,  presulfidized CoMo/%03, Mo/F%OJSO:- and no catalyst. Ni and V removal was 
quantified by ICP measurements. 

EXPERIMENTAL 

The Hondo resid (whole resid AnaL %C, 83.87; YOH, 10.19; %N, 1.01; %S, 4.07;Ni 78 
ppm; V, 150 ppmandhexane iosolubles, 25.6% or 8 5 0 T  resid: AnaL %C, 83.60; %H, 10.11; %N, 
1.00, %S, 4.23; Ni 150 ppm; V, 290 ppm and h e m  insolubles, 29.5%) obtained fiom the Federal 
Energy Technology Center at Pittsburgh and was stored under ambient conditions. The resid is 
semisolid at room temperature so that it was necessary to heat it to about 100 "C to make it fluid 
enough to pour imo the m o r .  Iuinois #6 coal was selected for the coprocessing because it has the 
best- . n effect" Illinois #6 cod (-60 mesh) WBS obtained fiom the Pemyslvania State Cod 
sample Bd. The h y h g e n a t i o n ~  NiMol&03 (Kataiw, 6.7% NiWh and 27.0% MoOJ was 
presulfided at 350 "C for two hours. The hydrogenation eqmimems were completed using 27 CUI' 
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reactors at 1500 psig of H2 (cold) for 1 hat 350 "C. Copro- were carried 
Out in the same tubing reactors as for the hydrogenation Reactants were brought to the 
temperahne, usdywithin 10 mia, tyimmwingthe reactor mapreheated, fluidized sand bath. 
Ractor was shaken horizontaUy (3 timff/s) to ensure adequate mixing. At the end of a 1 h reaction 
h e ,  the reactor was removed from the sand bath and allowed to cool at room tempnature for 5 
&, and was then quenched in cold water. Reaction products and solids were removed and 
extracted with THF, and then the solvent was removed with a rotary evaporator. The THF soluble 
Portion was dried under vacuum for two hours and weighed. The THF insoluble residue remaining 
in the Soxhlet extractor thimble was also dried for two hours under vacuum. Next the dried THF 
solubh were exhacted with cyclohexane. The cyclohexane was removed from the oil sample using 
a rotary evaporator. The cyclohexane insoluble d u e  is referred to as asphaltenes. The cyclohexaoe 
soluble portion is referred to as oil, (NH,)@oS, (Aldrich) was used as received to impregnate the 
coal from aqueous sohdion by the incipient wetness technique. The C O ~ T O C ~ S S ~ ~ ~  catalyst was added 
to the coal before coprocessing based on 300 ppm of Mo. The ICP audysc% were c o m p l d  by 
Datacbem Laboratories and Ameriwn West Analytii Laboratories, Salt Lake City, UT. Elemental 
aualyses were completed by Atlantic Microlabs, Nomoss, Georgia. Total conversion of coal 
asphltenes conversion and conversions to product fractions were de- on an ash-& basis as 
follows : 
total coal conversion: Y, = 100(1-y); Y = (W, - Wc - W a d  
asphaltenes conversion (&om coal and resid): YAc = 100[1- (W, +Wd/(W, +Wd] 
coal conversion to asphaltens: Ym = 100[w,,-W,(l-YA,-)]/w~ 
coal conversion to oils and gases: Yo+o = loOgr, -Y& 
where W ,  W, W, W,, W, and W, are masses of THF insoluble products, wtalyxC ash, 
asphaltenes (cyclohexane insolubles), moisture- and ash-& coal and asphltenes from resid 
respectively; YT, YAo Y C u d  YM denote the yields of total conversion, aspbaltenes conversion 
(hm coal and resid), coal conversion to asphaltenes and coal conversion to gas + oi l  respcctiVely. 

RESULTS AND DISCUSSION 
Effect of Hydrogenation of Pehokum Resid Un the Coproeessing. Table 1 shows the 

effects of a hydrogenation pretreatment of the Hondo resid (whole or 850 v on the m c  
copwesing of Hod0 rsid with Illinois #6 cod Mer hydrogenation pretreatment of Hondo resid 
(whole or 850 T+) usingpmdidmd NiMo/A& the coal conversions h m  the coprocessing wexe 
increased h m  84.3% and 82.9% to 96.6% and 91.4%, &eIy for whole and 850 T resids. 
Tkse resuIts clearly demonstrate that the hydrogenated Hondo resid (wlmle or 850 T) is a better 

f o r m a t f o n o f ~ p o ~ ~ m ~ ~ d r o g ~ ~ H o n d o r e s i d T h i s t r e n d b e s b e e n o b s e n e d b l r  
o h m  hrvestigetors2' and our previous work on the coprocesging of coal and hydrogenated vacuum 
pyrolyzed tire oiLpThe diffeRnce ofthe coal convasion between the whole and 850 T' resid is very 
small because the 850 "Fresid represents 91% ofthewhole resid It seems that the asphaltems 
COmgsiDn hmbothresid and coal to gas and oil is independant of the hydrogenation pntreatment. 

The ICP anatyses for Ni andV ofthe c o p r o c e s s i n g ~  6umIboiis #6 with Hondo resid 
and hydrogenated Hondo resid are I m Table 2. Atter coprocessing, the NiandV moil 
(qclohexane solubks) wre not detected above the limit of detection for the coprocesSing of whole 
&or hydrogenatedwhole resid withthe cod Most ofthe NiandV was trapped mthe addchar. 
'zbae wasmore Ni than V in asphaltenes even thoughthe concentdon ofV was larger thanNi in 

a~processiogsohradtbanlmhydrogenatedHondod'Iheditference is probably a m i i l e  to the 

' 

theOTighllllresidS8Illpks. 

E m  of the Copmessing Reaction Time. Table 3 shows the resuits of the copmcesSing 
ofHondo d ( 8 5 0  "F) wahUlirmk#6 walatditkent reaction times. The aspbait- comemion 
from both resid and coal to gas and oil was increased hm46.1% at 10 min to 71.7% at 80 lnia 
Parallelwiththeasp~conversion,theasphalt~formafcoalwasdecressed~m29.00/oat 
10 mbto 8.75% at 8.7- and the gas and oilincreased hm49.7% at 10 mb to 77.00? at 80 mb. 
In contrast, the total coal conversion did not change muchwith iocreasing reaction time. The ICP 
ady%?s ofNi and V shown mTabk 5 indicate that for most cases theNi and V moil were below 
the detection Limits a d  most of the Ni and V were trapped m the ash/cbar. It seems that Ni in 
ssphaaeaesaodmasblchark~of~n~,however,Vmasp~decreaseswith 

reaction time and V m &char inrreaseS with bmeasbg reaction time. Hung and Wei 
observed the same phenomenon whenthey innstigatedthe hydrodemetauatm * nkineticsofraaedyl 
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etioporphyin NO-Etio) and Nickel etioporphyrin (Ni-Etio).” 

Dependence on ResidCOsL The re?& of chaoging the residcoal ratio on the copro~e~~hg 
of Hondo resid (850 “F) ami Illinois #6 coal are given m Table 4. When the amount of coal was 6 x 4  
at I g, theasphattenes conversion iiom bothresid and coal to gas and oil was decreased h r n  64.9% 
at 1 g of resid to 55.4% at 3 g of resid. Correspondingly, the total coal conversion was decreased 
~93.00/0to70.5%,asp~~firommafcoalincreased~orn4.9% to25.2%, andthegasandoil 
decreased h m  88.1% to 45.3%. IIbese tremls are related to the limited hydrogen gas available since 
we used the same amount of hydrogen gas at 1000 psig (cold). When the resid was raised to 5 g, the 
total coal conversion dropped to only 6%, the asphaltenes conversion came mainly from the resid and 
WBS increased to 71.7%. When codresid was 0.2 d1.8 g, no coal conversion was obsrved and a 
60.4% asphalterm conversion was totally d o m i n d  by the resid. When the ratio of coal to resid was 
adjusted to 1.6 dO.4 g and 1.8 d0.2 g, the totat coal umversions were 23.1% and 20.1%, 
respectiveiy. Table 5 shows that higher codresid ratios hvor the V and Ni removal h m  resid. 

CONCLUSIONS 

Hydrogenated Hondo resid (whole or 850 O F )  prepared wing a presulfidized NiMo/A&03 
is a better coal liquefaction solvent than unhydmgenated Hondo resid. However, the aspbaltenea 
conversion h m  both mid and coal to gas and oil is independent of the hydrogenation pretreatment. 
vanadium removal by Illinois #6 coal is dependent on the reaction time, but nickel removal is 
independent of the reaction time. Highex codresid ratios hvor the V and Ni removal h r n  resid. 

ACKNOWLEDGMENTS 

Helpful discussions with Ted Simpson, U.S. Department of Energy, Germantom, MD are 
aclmowledgea Financial support by the U.S. Deptnmt of Energy, Fossil Energy Division, through 
the consortium for Fossil Fuel Liquehtion Sciences, Contract No. UKRF-4-21033-86-24, is also 
gratefully acknowledged. 

REFERENCES 

(1) Moschopedis, S. E.; Hepler, L. G. FuelSci. Technol. int. 1987,5, 1 .  
(2) Hajdu, P. E.; Tierney, J. W.; Wender, I. Energy &Fuels 1996, IO, 493. 
(3) Cughi, A V.; Len, R G.; Weader, I. Energy & Fuels 1989,3, 120. 
(4) Ternan, M.; Rahimi, P.; Liu, D.; Chgston, D. M. Energy &Fuels 1995,9, 101 1. 
(5) Ettiuger, M. D.; Stock, L. M. Energy & Fuels 1994,8,960. 
(6) Ceylan, IC; Stock, L. M. Energy & Fuels 1991,5,582 
(7) Jim, H. IC; Curtis, C. W. Energy & Fuels 1996, IO, 603. 
(8) Sato, Y.; Yamamoto, Y.; Kamo, T.; huh, A; Miki, IC; Satio, I. Energy & Fuels 1991,5, 

98. 
(9) JW, H. IC; Curtis, C. W. Ent-rm &Fuels 1997,11,801. 
(10) Bengoa, C.; Font, J.; Moros, A.; Formny, A; Fahegat, A; Giralt, F. Fuel 1996,75,1327 
(1 I) Earnsirhi, A; Larkins, F. P.; Jackson, W. R Fuel Processing Technol. 1991,27, 161. 
(12) Fouda, A.; Rahimi P. M.; Kelly, J. F.; L e q  U.; Beaton, W. I. Prepr. Pup. Am. Chem. Soc., 

(13) Orr, E. C.; Shao, L.; E m ,  E. M Prepr. Pap. Am. Chem. Soc.. Div. Fuel Chem. 1996, 

(14) Font, J.; Fabregat, A; Salvad6, J.; Moros, A; Bengoa, C.; Giralt, F. Fuel 1992, 71, 1169; 
(15) Font, J.; Fabregat, A; Sahrad6, J.; Moros, A; Bengoa, C.; Giralt, F. Fuel Processing 

(16) Ware, R A; Wei J. J. Cdal. 1985,93,100. 
(17) Hung, C-W.; Wei J. id Eng. Chem. ProcessDes. Dev. 1980,19,257, 
(18) D e ,  K. IC; Rauchfuss T. B. Polyhedron 1997,16,3129. 
(19) cheq H-J.; Uassoth, F. E. id. Eng. Chem. Res. 1988,27,1629. 
(20) B o d ,  R L. C.; van S t d e m ,  P.; van Diepen, A E.; Modijn, J. A. Appl. Caral. 1994, 

(21) Kim, C., Pfi. D. Dissertation, University of Utah, 1993. 
(22) shi y.; s k ,  L.; ~lson, W. F.; Eyring, E. M. Prepr. Pup. Am. Chem. Soc., Div. Fuel 

Div. Pet. Chem. 1993,38,351. 

41,724 

Technol. 1994,37, 163. 

108,171. 

Chem. 1997,42, 1039. 

346 



\ 

\ 
I 

Table 1. Coal and Asphaltenes Conversions of the Coprocessing of Illinois #6 Coal with 
Hondo Resid and Hydrogenated Hondo Resid (Reaction Conditions: (ResidICoal) = 2g/lg, 
430 "C, 1000 psig of H, (cold), 1 h and 300 ppm Mo loaded to coal using (NH,),MoSd 

Hondo Resid % Yo YO % 
Asphaltenes Conv. Total coal conv. Asphaltenes. Gas + Oil 

fmm resid and coal for mafcoal for mafcoal for mafcoal 

whole 72.5 84.3 8.3 76.0 
850 "F 59.6 82.9 6.4 76.5 

850 "F (Hydro.)b 65.5 91.4 15.2 76.2 

r The hydrogenation conditions: presulfiduad NiMo/%O,, 350 'C, 1 b, 1500 psig of H2 (cold), 
and resid @st = 5.5g:lg (the presulfidation was carried out at 350 "C for 2 hrs); 

b The same hydrogenation conditions as in a; 

whole (Hydro.). 71.8 96.6 11.2 85.4 

Table 2. ICP Analyses of Ni and V from the Coprocessing of Illinois #6 Coal with Hondo 
Resid and Hydrogenated Hondo Resid (Coprocessing Conditions: Resid/Coal = 2g/lg, 

430 "C, 1000 psig of H, (cold) and lb) 

oil Asphaltenes Ash/Char 

Reaction System Ni V Ni V Ni V 

whole resid 78 150 - -- 
H O ~ O  ~ ~ i d  (850 T+) 150 290 ---- -- _I- -_-- 

Hydrogenated whole resid'+ Coal * * 84 19 4100 440 

p p m P P m P P m P P m P P m  Pm 
-_-_ 

* Whole resid + Coal 150 36 1700 1200 
850 "F resid + coal 0.62 320 150 2500 980 

Hydrogenated85OOFresida+Coal 0.45 150 53 2,100 250 
a: The hydrogenation conditions: see Table 1; 
*: Pannneter not detected above limit of detection ( L i i s  of detection: Ni: 2.3 ppm; V: 0.4Oppm) 

Table 3. Results from Catalytic Coprocessing of IIIinois #6 Coal with Bondo resid (850 T+) 
at Different Reaction Time (Reaction Conditions: CoaVResid = lg/2g, 430 OC, 1000 psig of 
HZ (cold) and 300 ppm Mo Loaded to Coal Using (NH,),MoS,) 

Reaction Time Asphaltenes conv., % Total conv., % Asphaltenes, % Gas + Oil, % 
min (&om resid and coal) (for mafcoal) (for mafcoal) for mafcoal 

10 46.1 78.7 29.0 49.1 
20 49.2 82.3 31.6 50.7 
40 59.8 88.3 20.9 67.4 
60 59.6 82.9 6.4 76.5 
ao 71.7 85.7 8.7 77.0 
120 61.3 84.7 19.4 65.3 
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Table 4. Results fmm Catalytic Coprocessing of Illinois #6 Coal with Hondo Resid (850 OF") 
at  Different Ratios of CoaURmid (Reaction Conditions: 1 h, 430 "C, 1000 psig of €I, (cold) 
and 300 ppm Mo Loaded to Coal Using (NH,),MoS,) 

CoaVResid .AspM.ms caw., YO io& conv., % AsphaItenes, % Gas f O& % 
(hmresid and coal) (for mafcoal) (for mafcoal) (for mafcoal) 

64.9 93.0 4.9 88.1 
76.5 

1d1g 

ld3g 55.4 70.5 25.2 45.3 

0.2g11.8g 60.4 0.0 0.0 0.0 
0.4gIl.6g 55.5 50.7 25.5 25.2 

w g  59.6 82.9 6.4 

ld5g 71.6 6.0 8.4 -2.4 

1.6glO.4g 65.3 23.1 1.7 21.4 
1.8dO.2g 56.6 24.1 -3.6 20.5 

Table 5. ICP Analyses of Ni and V from the Coprocessing of Illinois #6 Coal with 
Hondo Resid (850 OF') Under DiNerent Conditions at 430 "C. 1000 psig of €I, (cold) and 

300 ppm Mo loaded to coal using (NH&MoS, 

oil Asphaltenes ASh/Char 
cod Time 
Resid mia. 
g/g 

Ni V Ni V Ni V 
PPm PPm PPm PPm PPm Pm 

1.0/2.0 10 370 520 310 510 
1.on.o 20 * 65 240 450 2000 190 
1.Ol2.0 40 24 23 240 320 2100 610 
l.On.0 60 0.6 320 150 2500 980 
1.On.O 80 * 310 99 1400 1400 
1.on.o 120 49 27 1700 1400 
1.0/1.0 60 180 51 1400 820 
1.0/3.0 60 310 350 710 970 
1.0/5.0 60 130 120 800 980 
0.U1.8 60 240 100 8500 1500 
0.411.6 60 130 1700 1500 
1.610.4 60 420 200 

*: Parameter not detected above limit of detection (Limits of detection: Ni: 5 ppm; V 0.5 

* 

* 
* 

* * 
* 

* 
* 
* * 
* 
* * * 1.8/0.2 60 630 120 

PPm) 
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